ABSTRACT Phospholipase A 2 (PLA 2 ) enzymes are important in numerous physiological processes. Their function at lipid-water interfaces is also used as a biophysical model for protein-membrane interactions. These enzymes catalyze the hydrolysis of the sn-2 bonds of various phospholipids and the hydrolysis products are known to increase the activity of the enzymes. Here, we have applied molecular dynamics (MD) simulations to study the membrane properties in three compositionally different systems that relate to PLA 2 enzyme action. One-nanosecond simulations were performed for a 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine (PLPC) bilayer and for two of its PLA 2 -hydrolyzed versions, i.e., bilayers consisting of lysophospholipids and of either free charged linoleate or free uncharged linoleic acid molecules. The results revealed loosening of the structure in the hydrolyzed bilayer due to increased mobility of the molecules in the direction normal to the bilayer. This loss of integrity due to the hydrolysis products is in accord with observations that not only the presence of hydrolysis products, but also a variety of other perturbations of the membrane may activate PLA 2 . Additionally, changes were observed in other structural parameters and in the electrostatic potential across the membrane-water interface. These changes are discussed in relation to the simulation methodology and the experimental observations of PLA 2 -hydrolyzed membranes.
INTRODUCTION
Phospholipases A 2 (PLA 2 ) are a heterogeneous group of enzymes involved in a variety of physiological processes, such as host defense and signal transduction. Mammalian PLA 2 enzymes can be classified into three large groups, namely secretory, cytosolic, and Ca 2ϩ -independent enzymes (Murakami et al., 1997) . The function of PLA 2 is to catalyze the hydrolysis of the sn-2 bond in various phospholipids, i.e., to generate a fatty acid and a lysophospholipid molecule.
Because of the central role of PLA 2 enzymes in mammalian physiology, a number of studies have focused on the mechanisms of their action. Particularly, the secretory type II PLA 2 has been studied extensively. The results have revealed that in addition to the properties of the interfacial binding surface of the enzyme (Gelb et al., 1999) , the characteristics of the membrane itself are critical for the regulation of the enzyme activity (reviewed by Burack and Biltonen, 1994; Burack et al., 1997) . The positively charged type II PLA 2 is known to interact preferentially with negatively charged membrane surfaces (Volwerk et al., 1986; Ghomashchi et al., 1991; Scott and Sigler, 1994; Han et al., 1997) . In addition, various surface defects or perturbations caused, for example, by lipid peroxidation (McLean et al., 1993) , by a change to the main phase transition temperature of the substrate (Jain and Jahagirdar, 1985; Bell et al., 1996; Hønger et al., 1996) , by osmotic stress (Lehtonen and Kinnunen, 1995) , by incorporation of diacylglycerol (Bell et al., 1996) or lysophospholipids (Jain and de Haas, 1983) , or even by pressure from the tip of the atomic force microscope (Grandbois et al., 1998) are known to activate PLA 2 .
Control of the action of water-soluble phospholipases on membranes is an important regulatory mechanism for preventing the degradation of intact biomembranes (Waite, 1996) . Thus, zwitterionic phosphatidylcholine (PC) molecules, the main lipid constituents of biomembranes, are poor substrates to PLA 2 in an intact membrane. In pure PC membranes, this often results in a lag phase of low initial PLA 2 activity. However, after this initial lag phase, a sudden increase can occur in the enzyme activity (Burack and Biltonen, 1994) . Much evidence suggests that this abrupt increase in PLA 2 activity is due to the accumulation of hydrolysis products, i.e., fatty acid and lysophosphatidylcholine (lyso-PC) molecules (Apitz-Castro et al., 1982; Bell and Biltonen, 1992; Burack et al., 1993; Sheffield et al., 1995; Bent and Bell, 1995; Bell et al., 1996; Henshaw et al., 1998 ). Yet, despite a wide variety of experiments designed to study the mechanisms underlying sudden PLA 2 activation, the detailed molecular interactions still remain unclear. Therefore, it would be important to aim at better understanding the relationship between the local structural characteristics of the membrane and the activity of the enzyme. Such detailed understanding of this relation would also be useful in a more general sense, since the PLA 2 -membrane complex is a commonly used biophysical model system for protein-membrane interactions (Burack and Biltonen, 1994; Hønger et al., 1996) . Molecular dynamics (MD) simulations have been increasingly used to gain information about various membrane-related phenomena at the molecular level (Tieleman et al., 1997; Tobias et al., 1997) . For example, MD simulation studies have addressed the molecular mechanisms of diffusion (Bassolino-Klimas et al., 1995) and channel-independent ion transport across membrane bilayers (Marrink et al., 1996; Wilson and Pohorille, 1996) . The membraneassociated peptides and proteins (Belohorcová et al., 1997; Tieleman and Berendsen, 1998) and the effects of polyunsaturation (Hyvönen et al., 1997) have also been studied. In addition, MD simulations have been utilized in a preliminary study of monolayer-PLA 2 interaction (Berendsen et al., 1992) and to investigate a PLA 2 -substrate complex (Jones et al., 1993) and interactions between the PLA 2 molecule and an intact dilaurylphosphatidylethanolamine (DLPE) membrane (Zhou and Schulten, 1996) . The last mentioned study showed that, as compared with a loosely bound PLA 2 -membrane complex, desolvation of lipids in a tightly bound complex enhances the interaction between the enzyme and the phospholipids. The results of Zhou and Schulten (1996) also suggested that the PLA 2 -membrane interactions would be sensitive to various changes produced in the membrane, which appeared to be more important in controlling PLA 2 activity than the conformational changes in the enzyme itself. However, there seems to be no direct information on the effects of PLA 2 hydrolysis products on the membrane structure.
In this study we aimed at revealing changes in the membrane characteristics due to the presence of the PLA 2 hydrolysis products. As MD simulations are suitable for studies in which structural effects due to the compositional changes are investigated, we focused on the structural differences between a phospholipid bilayer and its counterparts consisting of the PLA 2 hydrolysis products. To the best of our knowledge, this is the first time that MD simulations have been applied in this way for assessing the structural changes in a membrane induced by a lipid-hydrolyzing enzyme. We performed three 1-ns MD simulations: one for a 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine (PLPC) bilayer and two for its PLA 2 hydrolyzed versions, in which the sn-2 chains were liberated either as charged linoleate or uncharged linoleic acid molecules. The constituents from all of these simulations are present in a real partly hydrolyzed membrane, as in the physiological pH both charged and uncharged hydrolysis products appear (Hamilton, 1995) together with the lysophospholipids and remaining unhydrolyzed lipid molecules. The main observation in the hydrolyzed bilayers was a loosened structure of the membrane in the direction normal to the bilayer. In addition, the structural parameters of the headgroups, water molecules, glycerol backbone, and chains were determined together with the electrostatic potential across the membrane-water interface. The results will be discussed in relation to the applied simulation methodology and the experimental observations on PLA 2 -membrane interrelations.
METHODS

Modeling and computational details
The molecules used in the three simulated bilayer systems are shown in Fig. 1 . The PLPC molecule, used in the first bilayer system, consists of a glycerol backbone (Cg1-Cg3) to which the saturated palmitate chain (16:0), the diunsaturated linoleate chain (18:2 ⌬9,12 ), and the PC headgroup are attached at the sn-1, sn-2, and sn-3 positions, respectively. In the second system, as the PLA 2 enzyme is known to catalyze the hydrolysis of the sn-2 fatty acid bond, the bilayer consisted of lyso-PC molecules (a PC headgroup, glycerol backbone, and palmitic acid chain), and free negatively charged linoleate chains. In the third system the free sn-2 chains were protonated and appeared thus as uncharged linoleic acid molecules. At the physiological pH 7.4, both charged linoleate and uncharged linoleic acid molecules are expected to appear in nearly equivalent amounts (Hamilton, 1995) . Thus, in a real phospholipid membrane the effects of both charged linoleates and uncharged linoleic acids are present. For simplicity, the linoleate and the linoleic acid molecules of the modified systems are here referred to as the sn-2 chains, although they are actually independent molecules.
The bilayer model of the PLPC molecules was based on the final structure of our earlier PLPC simulation (Hyvönen et al., 1997) , where the bilayer was modeled implicitly by applying a "rotation-reflection" to the monolayer system. Here, to model the bilayer explicitly, the monolayer system was copied and placed similarly to the image of the monolayer in the implicit bilayer model. Additionally, a 1.25 Å slice from both water layers was removed, which resulted in the dimensions of 50.4 Å ϫ 71.0 Å ϫ 50.4 Å in x, y, and z axes, respectively. Thus, the system consisted of 72 PLPC molecules in the bilayer and a total of 2572 water molecules. Conventional periodic boundary conditions were used to model an infinite bilayer. The system was stabilized by energy minimization. Dynamic heating was then applied for a 10-ps period, resulting in a temperature of 310 K, followed by a 150-ps equilibration period and a simulation of 1 ns. This simulation was, however, affected by a typing mistake in the parameter file, which restricted the rotation of the single bonds between the double bonds. Thus, this simulation was not used for the analysis; instead, its final structure was taken as the starting point for the actual simulation with corrected parameters. Again, an energy minimization, a 10-ps heating period, and a 100-ps equilibration period were used. As the bilayer model was originally well-equilibrated (Hyvönen et al., 1997) and was further stabilized in the rejected simulation, this latter equilibration period was very stable. Finally, the simulation was run for 1 ns to collect the data reported here. The temperature and the energies were monitored during the simulation to ensure their stability and an adequate time for equilibration. The average temperature in the final 1-ns simulation was 310.25 K.
For the second system, the construction of the modified bilayer with lysophospholipids and charged free linoleic acid molecules was based on a well-equilibrated structure from the PLPC bilayer simulation. First, the bond between the glycerol backbone carbon Cg2 and the corresponding oxygen was cut and an OH group was added to Cg2, which resulted in separation of the linoleate and lysophospholipid molecules. To remove extensive overlaps of atoms in the modified region near the Cg2 carbon, the energy was minimized at this stage. In order to end up with an uncharged system, 72 water molecules evenly distributed at the headgroup regions were chosen and replaced by Na ϩ ions. The energy was again minimized for the whole system. As in the case of the PLPC system, the first simulation was rejected from the analysis because of an erroneous parameter mentioned above, and the final structure was accepted for the new energy minimization with correct parameters. This minor error in the parameter file allowed us to stabilize the system extremely well. Also, at this point the distributions of Na ϩ ions were calculated in order to compare them with the final distributions, and thus to ensure the convergence of the ion distribution. Finally, this was followed by a 10-ps period of dynamic heating to a temperature of 310 K and an equilibration period of 109 ps. FIGURE 1 Snapshots from the first (I) and second (II) simulations of the PLPC system and of the system consisting of the lyso-PCs, charged linoleates, and Na ϩ ions, respectively. Additionally, illustrations of the molecules in the first (I), second (II), and third (III) systems are shown: a single PLPC molecule (I) and, after the PLA 2 hydrolysis, a lyso-PC (II and III), charged linoleate (II), and uncharged linoleic acid (III) molecules. Water molecules are shown in cyan, Na ϩ ions in grayish, and the color coding of the lipid molecules is as follows: green for carbon, red for oxygen, yellow for phosphorus, and blue for nitrogen. For clarity, the hydrogen atoms are not shown. The y axis is along the normal of the membrane.
The simulation reported here was run for 1 ns and the average temperature was 310.28 K.
The initial structure of the third bilayer system was based to the well-equilibrated structure from the PLPC bilayer simulation. The structural modifications were performed as in the second system to form lysophospholipids and free fatty acids, except that instead of COO Ϫ the uncharged COOH group was formed, and no Na ϩ ions were added. Thus, this bilayer model did not contain charged species. After the construction, the energy of the system was minimized, followed by the heating period of 10 ps, equilibration period of 195 ps, and finally the simulation was run for 1 ns in an average temperature of 313.78 K. In this third simulation, as it was performed after the first and the second simulations, the correct parameters for the double bond region were applied, and thus there was no need to repeat the simulation.
All simulations were performed in a microcanonical (NVE) ensemble using the parallel version, 25b2, of CHARMM software (Brooks et al., 1983) . The use of a constant volume ensemble assumed that the release of the sn-2 fatty acid from the phospholipid does not significantly change the surface area per lipid molecule. Surface tension, as calculated frame by frame according to Venable et al. (2000) from the last 30 ps of each simulation, showed an essentially similar kind of behavior for all three systems. In the PLPC system, the same lipid force field parameters were used as have been reported earlier (Schlenkrich et al., 1996; Hyvönen et al., 1997) , and these were also adapted for the linoleate, linoleic acid, and lysophospholipid molecules. Because the COO Ϫ and COOH groups were not present in the lipid force field, the parameters for them were adapted from the CHARMM parameter set for amino acids. For water molecules, the TIP3P parameters (Jorgensen et al., 1983) were used. Every atom was taken into account independently in the MD simulations. The lengths of the bonds involving hydrogen atoms were fixed using the SHAKE algorithm with 10 Ϫ9 tolerance, which allows the use of a 1-fs time step (van Gunsteren and Berendsen, 1977) . The long-range interactions were truncated using an atom-based cutoff radius of 13 Å with a shifting function for the electrostatic and a switching function for the van der Waals interactions (Brooks et al., 1983) . Especially in the case of charged species the truncation of electrostatic interactions involves risks. However, we would like to point out that in the simulations of charged membrane species, the truncation has been applied without noted artifacts (Lopez Cascales et al., 1996a, b; Wymore and Wong, 1999) . To test the effect of cutoff distance, we performed an additional 0.5 ns simulation for the second system using a cutoff distance of 18 Å for electrostatic interactions. The second system contains charged species and should thus be most sensitive in this respect. However, the results calculated for the atomic distribution in the direction normal to the bilayer, for the orientational behavior of the headgroups and water molecules, and for the electrostatic potential showed essentially similar behavior in the simulations with cutoff distances of 13 Å and 18 Å (data not shown). The third simulation was performed with the uncharged hydrolysis products. Thus, it serves as an additional opportunity to explore which results from the second simulation are related to the presence of charged species, and thus might be affected by the truncation of electrostatic interactions.
The nonbonded interactions were updated at every 10th step (0.01 ps). Energies, coordinates, and velocities were saved at every 50th step. The simulations were carried out using 64 processors of a Cray T3E computer at the Center for Scientific Computing, Espoo, Finland.
Data analysis
In the subsequent analysis, the averages were calculated over all saved time steps (20,000) of the 1-ns simulations and over all PLPC, linoleate, linoleic acid, lysophospholipid, or water molecules, unless otherwise stated.
Atomic single particle distribution functions in the direction normal to the bilayer were evaluated by calculating the total amount of each atom in 0.25 Å-thick slices. The distributions were averaged over time. The orientation angles of the headgroup and glycerol backbone vectors with respect to the bilayer normal and the angle distributions were determined from 1°slices. Here, the positive direction of the bilayer normal in both the upper and the lower layer was toward the water region.
The radial distributions of the oxygen and hydrogen atoms of the water molecules around the phosphorus and nitrogen atoms of the phosphatidylcholine headgroups were averaged for a 20-ps period from the end of the simulations, using the SCARECROW software (Laaksonen, 1992) . In addition, similar calculations were performed for the water molecules around the carbon atoms of the COO Ϫ and COOH groups of linoleate and linoleic acid, respectively, and for the Na ϩ ions around the PC and COO Ϫ headgroups.
The mean cosine of the angle between the water dipole moment vector and the bilayer normal in 0.25 Å slices along the bilayer normal was also calculated. A zero value is obtained for a random orientation and a negative value corresponds to the orientation of the dipole toward the bilayer center at positive values of y, while with negative values of y the positive value of the mean cosine corresponds to the orientation toward the center.
The orientational order is described by the order parameter S j , which is defined as
where ␤ j is the angle between the orientation vector and the reference direction. The brackets denote both the ensemble and time average. The 2 H-NMR-observable order parameter, S j CD , is obtained by defining the orientation vector along the CH j bond, with the bilayer normal as the reference direction. Using this definition, we calculated the order parameters for all CH bonds. At each saturated carbon atom in the chains the S j CD value was taken as an average of the CH j bonds. The standard error of the mean (SEM) of the 72 molecular averages is taken as an error estimate. For each of the molecules, the molecular average was evaluated from the whole time series of 1 ns. In this way, the effect of high correlations between consecutive time steps was eliminated, the error estimates then being more realistic. It is a convention in MD simulations to define the orientation vector along the normal of the HC j H plane or from C jϪ1 to C jϩ1 , which leads to the molecular order parameter S j mol . When isotropic rotations around the HC j H plane normal are assumed, the CH bonds and corresponding S j CD values become equivalent, and S j CD can be compared with the S j mol values according to the relation Ϫ2S j CD ϭ S j mol (Seelig and Niederberger, 1974) . The S j mol may vary between Ϫ 1 ⁄2 and 1, corresponding to the variation between perpendicular (90°) and parallel (0°) orientations with respect to the bilayer normal. Usually, a zero value of S j indicates isotropic orientation distribution but, for example, a single orientation angle of 54.7°i n the sample also results in a zero value.
The orientational angle distribution of the C1-C3 vectors of the chains was calculated with respect to the bilayer normal. Note that here the bilayer normal was considered to point toward the bilayer center, in contrast to the determination of the orientational distributions in the headgroup and glycerol backbone regions. This was done to keep the numerical values mainly below 90°.
The fractions of the gauche
, and trans (t) states were determined for the dihedral angles of the glycerol backbone, the headgroup, and both chains. The angles were allocated to the appropriate state, using the ranges Ϫ120 -0 and 0 -120°for the g ϩ and g Ϫ states, respectively, and the rest for the t states. A similar allocation was used for evaluating the rate of isomerization among the g ϩ , g Ϫ , and t states for each bond. The isomerization rate was averaged over all the molecules. For the two single bonds between the double bonds, the values of the dihedral angles were monitored during the simulation and the percentage distribution of conformations with different combinations of these angles was also determined.
Electrostatic potential profile along the bilayer normal y was calculated based upon Poisson's equation
where (y) is the electrostatic potential, (y) is the charge density at y, and ⑀ 0 is the vacuum permittivity. The charge density was determined in 0.25 Å thick slices and averaged from the monolayers. The position y ϭ 0 resides in the middle of the bilayer.
RESULTS AND DISCUSSION
The reaction products of PLA 2 action are known to play a particularly important role in the catalytic activity of PLA 2 , and therefore the current MD simulations were set up to address these product-related changes. However, none of the present simulations alone can produce information that could be directly related to the function of a PLA 2 in a membrane. The three model systems should merely be considered to represent the features present in the partly hydrolyzed membranes. Therefore, this kind of combination of MD simulations is able to provide information at the molecular level and help in the interpretation of the hydrolysis-induced effects on membrane structure. To our knowledge, this is the first MD simulation study in which the action of the enzyme has been addressed without modeling the enzyme itself, and it thus also serves as a pilot study for an approach of this kind. Our earlier study of the intact PLPC bilayer includes a detailed discussion of the properties of the PLPC membrane in the MD simulation in comparison to experiments and other simulations of phospholipid membranes (Hyvönen et al., 1997) . The properties of the intact PLPC system are therefore not within the scope of the present analysis and discussion. Instead, detailed information on the structural differences between the intact PLPC system and its modified versions are provided by comparing them in light of the analysis of the general membrane structure and the different structural parts of the systems: the PC headgroup, glycerol backbone, hydrocarbon chains, water molecules, and Na ϩ ions. In addition, the electrostatic potential profiles along the bilayer normal are compared.
General membrane structure
Snapshots from the end of the first and second simulations, i.e., PLPC bilayer and the bilayer of lyso-PCs and charged linoleate molecules, are shown in Fig. 1 . These snapshots illustrate a marked difference between the overall structure of the systems: in the intact PLPC bilayer the structure is well defined, but in the modified bilayer of linoleate and lysophospholipid molecules the integrity of the membrane is seemingly weakened. In addition, in the PLPC bilayer, the choline groups mainly point toward the water region, but in the modified system their orientation has clearly changed, as some of them are found buried in the membrane. For the modified bilayer consisting of the lyso-PCs and uncharged linoleic acids, the snapshot is not shown because the overall structure of the system is quite close to the intact PLPC bilayer and the differences are not evident by visual inspection only.
In order to monitor the general structure of the bilayer systems in detail, the atomic single-particle distributions were calculated in the direction normal to the bilayer. The distributions are shown for several atoms in Fig. 2 . The distributions are wider for the modified systems than for the PLPC bilayer. However, the effect is significantly enhanced in the second system of the lyso-PCs and charged linoleates. The distributions were also essentially similar for the second system in the test simulation (data not shown) with a larger cutoff distance for electrostatic interactions (see Methods). The wider distributions imply an increased mobility of the molecules in the direction normal to the bilayer.
FIGURE 2 Distributions of water molecules, Na ϩ ions, nitrogen, phosphorus, sn-1 chain carbons C1 and C16, and sn-2 chain carbons C1 and C18 along the bilayer normal of the first (-), second (---), and third (⅐ ⅐ ⅐ ⅐) system.
The average distances of the phosphorus and nitrogen atoms from the bilayer center are 20.7 and 22.0 Å for the PLPC system (the first system), 22.0 and 21.8 Å for the second system, and 21.0 and 22.4 Å for the third system, respectively. Thus, a change in the orientation of the headgroup and also a change in the average membrane thickness is observed in the second system containing charged linoleate molecules, whereas in the case of third system only a slight change in the thickness is observed.
The average distances of the chain carbons from the bilayer center in the second system showed shifts of the lyso-PC (sn-1 chain) and charged linoleate (sn-2 chain) molecules toward the water region as compared with the intact PLPC bilayer (data not shown). However, in the third system only a slight shift toward the water region was observed for the lyso-PC and, contrary to the linoleate, the linoleic acid molecules slightly shifted (Ͻ1 Å) toward the center of the bilayer. In this shift, the last three carbons remained almost at the same height as their counterparts in the PLPCs, which might be due to enhanced tilt at the end parts of the chains. The descend of the unionized fatty acid toward the hydrophobic region has been observed using fluorescent probes (Abrams et al., 1992) and has been suggested to enhance the separation of the headgroups, which would allow the PLA 2 active site greater access to the sn-2 bond of the phospholipids (Henshaw et al., 1998) .
The distribution of water in the three systems differs, as in the modified systems the water molecules have penetrated deeper into the bilayer interior than in the intact PLPC bilayer. The region that was free of water molecules in the bilayer center was ϳ20 Å in the first system of PLPC molecules and 10 Å and 16 Å in the second and third systems, respectively. Thus, the penetration of the water molecules toward the bilayer center is especially enhanced in the bilayer with charged linoleate molecules. The changes in the water penetration might also lead to changes in the diffusion of small molecules through the modified membrane systems. The change in the water penetration is an additional indication of the loosening of the structure in the modified membranes. In fact, there are studies of the membrane structure during the PLA 2 action (and accumulation of reaction products) with the fluorescent probe Prodan (Sheffield et al., 1995) , which is sensitive to the polarity of its immediate environment in the headgroup region. The results indicated that disruption of the membrane structure was sufficient to allow increased ingress of water molecules near the Prodan probe.
In a partly hydrolyzed real phospholipid membrane, both charged and uncharged liberated sn-2 chains are present together with the lysophospholipids and the unhydrolyzed phospholipids. The results of the present simulations suggest that the presence of the hydrolysis products causes loosening of the bilayer structure. Loosening of the structure observed in our simulations with fully hydrolyzed membrane area suggests that most likely some loosening would also result in a partly hydrolyzed membrane system. This would enhance the mobility of PLPC substrate molecules in the membrane normal direction, which might increase diffusion of the substrate to the active site of the PLA 2 enzyme. Interestingly, the addition of the lyso-PC has been observed to enhance the availability of the substrate to the active site of the enzyme (Sheffield et al., 1995; Henshaw et al., 1998) . In addition, the shift of the uncharged fatty acid molecules toward the bilayer center might also have a role in allowing the PLA 2 active site greater access to the sn-2 bond of the phospholipids (Henshaw et al., 1998) . However, the loosening of the structure may facilitate penetration of PLA 2 amino acid side chains into the membrane and thus promote the tighter PLA 2 -membrane complex (Zhou and Schulten, 1996) . Interestingly, not only the accumulation of reaction products (Apitz-Castro et al., 1982; Burack et al., 1993 Burack et al., , 1995 Burack et al., , 1997 Sheffield et al., 1995; Bell et al., 1996; Henshaw et al., 1998) , but also several manipulations of zwitterionic bilayers are known to enhance the catalytic rate of PLA 2 . These manipulations include a change to the main phase transition temperature of the substrate (Jain and Jahagirdar, 1985; Bell et al., 1996; Hønger et al., 1996) , osmotic stress (Lehtonen and Kinnunen, 1995) , incorporation of diacylglycerol (Bell et al., 1996) or lyso-PC (Jain and de Haas, 1983) , and perturbation with the atomic force microscope tip (Grandbois et al., 1998) . The manipulations that activate PLA 2 appear to operate via different mechanisms and cause various perturbations in the bilayer. Hence, there is no necessity for a specific alteration in the PLA 2 -prone areas of the membrane, but a certain degree of loosening of the structure of the intact membrane is sufficient to activate PLA 2 .
The PC headgroup
The general electrostatic properties of the membrane are affected by the orientation of the headgroups. Differences in the average atomic distances of the phosphorus and nitrogen atoms from the bilayer center were already noted between the first and second systems (Fig. 2) . To monitor the orientation in greater detail, the average angle distribution of the P-N vector was calculated with respect to the bilayer plane.
A comparison of the angle distributions between the intact PLPC and the modified systems is given in Fig. 3 . In the PLPC system the PC headgroup, on average, orients slightly toward the water region, and the values for the angle of the P-N vector are between Ϫ60 and 90°. Interestingly, the third simulation of the uncharged linoleic acids and lyso-PCs produces a very similar angle distribution with the first simulation. The average orientation angles for the P-N vector in the first and third systems were 17 and 18°, respectively, in accordance with the value of 18°estimated from the NMR and Raman studies of dipalmitoylphosphatidylcholine (DPPC) (Akutsu and Nagamori, 1991) . Fig. 3 illustrates, however, that all angles are possible in the sec-ond system with charged linoleate and lyso-PC molecules, which reflects increased orientational freedom for the PC headgroups of the lyso-PC molecules. The average orientational angle of the P-N dipole was Ϫ2°in this modified bilayer. The presence of charged linoleate molecules and Na ϩ ions therefore caused a drastic change in the orientational behavior of the PC headgroups, resulting in a structure in which the choline groups were more often buried in the bilayer. This may be due to an enhanced interaction of the choline group with the COO Ϫ of linoleate, which would cause the appearance of angles smaller than Ϫ50°.
One factor that has been shown to affect the PLA 2 activity is the presence of anionic lipids in the membrane, and the tight association between PLA 2 and interfaces containing anionic phospholipids is a general property of these enzymes (Volwerk et al., 1986; Ghomashchi et al., 1991; Han et al., 1997) . In addition, Zhou and Schulten (1996) have proposed that negatively charged lipids, together with membrane defects considered above, might facilitate the penetration of a few enzyme residues into the membrane and thus cause the formation of a fully functional, i.e., tight, PLA 2 -membrane complex. One established mechanism relating the accumulation of the PLA 2 reaction products, lyso-PC and fatty acid molecules, to the increased activity of the enzyme is the increased negative surface charge of the membrane due to the liberation of the sn-2 chains in the charged state. However, in the presence of the negatively charged linoleates the change in the orientational behavior of the PC-headgroups occurs so that the negatively charged phosphatidyl groups are now more accessible at the outermost surface of the membrane. They would thus be able to promote the negative surface charge originally caused by the linoleate molecules. These changes in the surface region of the membrane with charged species have to be considered in the light of the possible uncertainties produced by the truncated electrostatics applied in the simulation. However, the test simulation for the second system using a larger cutoff distance for electrostatic interactions (see Methods) resulted in a similar conclusion for the behavior of headgroups (data not shown).
Water and Na
؉ ions
Radial distribution of water and Na ϩ ions
The radial distributions of the oxygen and hydrogen atoms of the water molecules were calculated for all systems around the phosphorus and nitrogen atoms of the PC headgroups. In addition, for the modified bilayers, the radial distributions of the oxygen and hydrogen atoms of the water molecules were calculated around the COO Ϫ group of linoleate and COOH group of linoleic acid, together with the radial distributions of the Na ϩ ions around P, N, and COO Ϫ . Since the radial distributions of the water molecules around P and N were very similar in all three systems, the distributions are shown in Fig. 4 from the second simulation only.
FIGURE 3 Averaged distribution of the orientation angles between the phosphorus-nitrogen vector and the bilayer normal of the first (-), second (---), and third (⅐ ⅐ ⅐ ⅐) system. The positive direction of the bilayer normal is toward the water region. FIGURE 4 Radial distribution functions for the oxygen (-) and hydrogen (---) atoms of the water molecules and Na ϩ ions (⅐ ⅐ ⅐ ⅐) around the lysophospholipid phosphorus and nitrogen atoms and linoleate COO Ϫ carbon atom, together with the radial distribution functions of the oxygen (-) and hydrogen (---) atoms of the water molecules around the Na ϩ ions and linoleic acid COOH carbon atoms. The data for the last 20 ps of the simulation were averaged. As the system was anisotropic, the radial distribution functions do not approach one at the long separation limit and are therefore shown in arbitrary units. Note that in the lowest panel the tic separation corresponds to the one in the upper panels.
For all three systems, the water molecules were found to be strongly oriented around the phosphorus atom because of the hydrogen bonding between the oxygen atoms of the phosphatidyl group and the hydrogen atoms of the water molecules. Only a weak orientation is noticed around the nitrogen atom, despite the positive charge on the choline group. This is most likely due to the hydrophobic nature of the surrounding methyl groups, which results in hydrogen bonding among the water molecules. A very similar arrangement of water molecules around the PC headgroups has also been observed in other MD simulation studies of phospholipid systems (Alper et al., 1993; Damodaran and Merz, 1994; Essmann et al., 1995) . In the modified bilayer of the second simulation, there is a clear structural arrangement of the Na ϩ ions around the phosphorus atoms. The first narrow peak is most likely due to ionic interaction between the oxygen atoms of the phosphatidyl group and the Na ϩ ions. The second and third peaks are wider and are probably affected by the interactions between the water molecules and the Na ϩ ions. Around nitrogen, the Na ϩ ions appear at a distance of ϳ5 Å and, like the water molecules, do not show any clear structural arrangement.
The orientational behavior of the water molecules around the COO Ϫ headgroup of linoleate and COOH group of linoleic acid is similar to the orientation around the phosphorus atom, when the peak interval between the hydrogen and oxygen distributions in each system is considered. However, the first peaks of the distribution functions appear at slightly varying intervals due to the differences between the group structures, and also, the intensity of the peaks around the COOH group are remarkably smaller than around COO Ϫ and phosphorus due to the reduction in the amount of the water molecules nearby. Also, the addition of the hydrogen to the COOH group reduces the amount of water hydrogens pointing toward the oxygens. Naturally, the Na ϩ ions also cause orientation of water molecules, i.e., the oxygen atoms of the water molecules point favorably toward the Na ϩ ions. The Na ϩ ions interact strongly with the COO Ϫ headgroup, but the shape of the radial distribution function seems also to reflect an interaction between Na ϩ and those water molecules that hydrogen-bond to the COO Ϫ group. This distribution function, when compared with the corresponding sodium-carbon distribution function obtained from MD simulation of a sodium octanoate micelle in aqueous solution (Watanabe et al., 1988) , is found to be very similar. Interestingly, in this micelle simulation the Ewald method was applied to treat electrostatic interactions.
Orientation of the water dipole with respect to the bilayer normal
The net orientation of the water dipole, together with the PC headgroup P-N dipole, also affects the general electrostatic properties of the membrane. Therefore, in Fig. 5 , the profiles for the mean cosine of the angle between the water dipole moment vector and the bilayer normal in the intact PLPC system and the modified systems are compared. Both in the first and in the third simulation the water dipoles at the surface of the bilayer tend to orient toward the bilayer interior (Hyvönen et al., 1997) . This is due to the strong orientation of the hydrogen atoms of the water molecules toward the phosphorus atoms, as indicated by the radial distribution functions in Fig. 4 : as the number of hydrogenbonded water molecules around the phosphatidyl group is larger on the side of the water region, the dominating orientation of the water dipoles is toward the bilayer center. Only a few water molecules penetrate into the hydrocarbon region, which results in poor statistics and a spiky profile. Similar orientational behavior of water molecules in the PC headgroup region has been reported, for example, in an MD simulation study of the dimyristoylphosphatidylcholine (DMPC) membrane (Chiu et al., 1995) . Thus, the liberation of the sn-2 chain in the uncharged state does not seem to remarkably alter the orientational behavior of the water molecules at the membrane surface.
In the second simulation for the lyso-PCs and charged linoleate molecules, the orientation of the water dipoles was seemingly different. There was no region of random orientation at y Ͼ 30 Å or y Ͻ Ϫ30 Å, since clearly oriented water extended over a much wider region than in the PLPC system. Over this wider range the orientation was also generally stronger than in the PLPC system. This can be assumed partly from the widened atomic distributions in the direction normal to the bilayer and partly from the fact that this modified system also includes water molecules oriented in a similar way to the phosphatidyl groups by the COO Ϫ headgroups of linoleate molecules. The increased number of water dipoles orienting toward the interior of this linoleatecontaining system means that, in practice, there are increased numbers of negatively charged oxygen atoms of the FIGURE 5 The mean cosine of the angle between the water dipole moment vector and the bilayer normal (y) for the first (-), second (---), and third ⅐ ⅐ ⅐ ⅐) system. water molecules pointing away from the membrane surface. It should be kept in mind, however, that the truncation of the electrostatics as done in the second simulation may enhance the ordering effect of the water molecules , especially in the system of charged species. However, at least increasing the cutoff distance to 18 Å in a test simulation of the second system (see Methods) did not reveal any major difference in the ordering of the water molecules (data not shown). It is tempting to speculate that this oriented water could affect the ability of PLA 2 to recognize the surface. However, the water orientation was not changed in the third system, which suggests that in real PLA 2 hydrolyzed membranes the possible effects to the water orientation would not be as prominent as observed here for the second system.
The glycerol backbone
The orientation angle distributions of the glycerol backbone bonds Cg1-Cg2 and Cg2-Cg3 with respect to the bilayer normal are shown in Fig. 6 , together with the orientation of the Cg1-Cg3 vector. In the PLPC system, the Cg2-Cg3 bond is found in a more upward and more restricted orientation than the Cg1-Cg2 bond. In the modified systems, the Cg2-Cg3 bond has much more orientational freedom and the angle distribution of the Cg1-Cg2 bond has changed slightly. Thus, liberation of the sn-2 chains seems to allow perpendicular orientations of the Cg2-Cg3 bonds, but also shifts the Cg1-Cg2 bonds slightly toward orientations that are more parallel with the bilayer normal. Despite these differences in the orientation of the individual bonds of the glycerol backbone in the modified systems, there are only minor changes in the overall orientation of the glycerol backbone, as revealed by the orientation of the Cg1-Cg3 vectors in Fig. 6 .
Chains
Orientational order parameters
The orientational order parameter profiles of the sn-1 and sn-2 chains of the PLPC and the modified bilayer systems are shown in Fig. 7 . The profiles indicate a difference in orientational order near the beginning of the fatty acid chains between the intact PLPC system and the modified systems. After the beginnings of the chains, the differences gradually disappear, and toward the ends of the chains, the order parameters for the intact and modified bilayers become identical, except in the sn-2 chains in the third system, i.e., the linoleic acid molecules, where some change is observed at the double bond region and at the chain ends.
The differences between the orientational order parameters for the chains of intact PLPC and the modified systems are most likely related to a difference in the average conformation near the beginning of the chain. Although in the PLPC system the sn-1 chain begins, on average, more in the direction normal to the bilayer than the sn-2 chain, quite heavily tilted beginnings of the sn-1 chains are also observable, probably because the sn-1 and sn-2 chains are competing for the best packing option. However, in the PLPC bilayer, the sn-2 chains begin, on average, more in the plane of the bilayer than the sn-1 chains, and the beginnings of the sn-2 chains are therefore tilted. In the modified systems, in contrast, the chains can orient more freely in the direction of the bilayer normal and so result in increased ϪS CD values. This is clearly seen in Fig. 8 , where the distributions of the angles between the C1-C3 vector and the bilayer normal are shown for sn-1 and sn-2 chains in all three systems. The FIGURE 6 Distributions of the angles between the bilayer normal and the glycerol backbone vectors Cg1-Cg2 (left), Cg2-Cg3 (center), and Cg1-Cg3 (right) for the first (-), second (---), and third (⅐ ⅐ ⅐ ⅐) system. The positive direction of the bilayer normal is toward the water region. FIGURE 7 Averages of the ϪS j CD orientational order parameters along the sn-1 and sn-2 chains of the first (F), second (E), and third (Ⅺ) system. The SEMs of the molecular averages are shown as error bars for the values from the simulation. strong increase in the order parameters in the beginning of the linoleate molecules of the second simulation is caused by a dramatic decrease in the amount of gauche states (data not shown), whereas other minor changes in the order parameters of the chain beginnings and of the double bond and the chain end regions of the linoleic acids are not reflected in the amount of gauche states. Also, the bond isomerization rates were very similar for the PLPC and the modified systems (data not shown). Thus, the minor changes are due, not to isomerization, but merely to slight orientational changes at the chain parts. For instance, the changes at the double bond and chain end regions of the linoleic acid chains occur near the zero value of the order parameter and could possibly be reflected by the abovementioned slight shift of the linoleic acid molecules toward the bilayer center. Both the order parameter profiles and the angle distributions show that the effect on the chain beginnings is enhanced in the case of the second simulation of lyso-PCs and charged linoleates as compared to the third simulation of uncharged species.
In all, accumulation of PLA 2 hydrolysis products in the membrane seems to affect the orientational order of the fatty acid chains near the surface regions, but not remarkably in the interior of the membrane. This result is supported by the findings of Sheffield et al. (1995) , who have utilized bispyrene fluorescence to sense the freedom of motion in the region of the hydrophobic core of the bilayer. They found no enhanced excimer-to-monomer ratio of bis-pyrene labels during or after the lag period of PLA 2 activity, i.e., the increase in enzyme activity required no remarkable changes in the order of the phospholipid acyl chains.
Structures of the double bond region
In an earlier paper we discussed the different internal structures of the double bond region in the PLPC membrane (Hyvönen et al., 1997) . The internal structure of the double bond region is determined by the states of the single bonds between the double bonds, i.e., the dihedral angles over the bonds C10 -C11 and C11-C12. These angles have values of ϳϮ120°. With the combinations of ϩ120/ϩ120°and Ϫ120/Ϫ120°, the orientation of the double bonds with respect to the bilayer normal remains almost the same, whereas with the ϩ120/Ϫ120 or Ϫ120/ϩ120 combinations, the orientation between the double bonds changes by some 90°. In the first, second, and third simulations, 71%, 70%, and 66% of all the structures had the straight double bond region conformation, and the rest had the tilted conformation. This is in accordance with the similarity of the orientational order behavior at the double bond region in these systems. However, the 4 -5% decrease in the amount of the straight conformations in the third simulation could be related to the noticed minor changes in the orientational order parameters at the double bond and chain end region and to the observations that the linoleic acid chains shift slightly toward the bilayer center.
Electrostatic potential across the membrane-water interface
The electrostatic potential profiles along the bilayer normal were calculated for all systems together with the separate contributions from the lipids and water, and are shown in Fig. 9 . In the second simulation the contribution of the Na ϩ ions is included into the lipid profile. A negative potential is observed in the water layer with respect to the bilayer center in all three simulations. The potential differences between the bulk water layer and the bilayer center are Ϫ2.6, Ϫ0.5, and Ϫ3.4 V for the first, second, and third systems, respectively. The potential of the intact PLPC bilayer can be compared with the other MD simulation studies for the phospholipids, which report the differences from Ϫ2.3 V to ϩ0.5 V with varying methodology (Marrink et al., 1993; Chiu et al., 1995; Essmann et al., 1995; Berger et al., 1997; Tieleman and Berendsen, 1996; Shinoda et al., 1998; Essmann and Berkowitz, 1999) , whereas experimental values range from Ϫ0.6 to Ϫ0.2 V (Gawrisch et al., 1992; Flewelling and Hubbel, 1986; Simon and McIntosh, 1989) . Thus, the sign of the potential is generally reproduced, but the value is often overestimated in the simulations. Especially, the use of the spherical truncation has been concluded to cause extra ordering of the water , which enhances the negativity of the potential, and may account for the very negative potential observed here for the PLPC system. Other methodological aspects, such as the choice of the fractional charges, macroscopic boundary conditions, and water model, are also known to affect the electrostatic potential (Berger et al., 1997; Tieleman and Berendsen, 1996) . That explains the wide variety in the potentials from the simulation studies. However, qualitatively the general behavior observed in other simulations is also reproduced here because the positive potential of several volts is produced by the lipids and overcompensated by the negative potential due to the ordering of the water dipoles. The negative dip around 19 Å in the lipid contribution is due to the orientation of the ester oxygens, which has also been observed by others (Berger et al., 1997; Essmann et al., 1995; Essmann and Berkowitz, 1999) . The succeeding positive slope arises due to the orientation of the headgroup dipoles.
The potential profiles of the second bilayer system with the charged linoleate molecules and the Na ϩ ions differ remarkably from the intact PLPC bilayer. The contribution from the lipids and the Na ϩ ions reflects the compensation of the negative charges of the linoleate by the positive ions and by the changed orientational behavior of the headgroup dipole. Accordingly, the ordering of the water molecules is also strongly enhanced. However, due to the compensating effect of the water the total potential is small as compared to the simulation of the PLPC bilayer. Due to the loosened integrity the slope of the potential profile ranges near the box edges. The potential profiles for the second system were also determined from the test simulation with the increased cutoff distance for electrostatic interactions (see Methods). The profiles were also essentially similar with the larger cutoff distance (data not shown).
In the lipid contribution of the electrostatic potential from the third system, the negative dip around 19 Å is enhanced as compared to the PLPC bilayer. This is most likely related to the appearance of extra dipoles due to the liberation of the sn-2 chains. However, the contribution of the water ordering is nearly similar to the first system, causing a total potential that is even more negative than in the case of the PLPC bilayer. Interestingly, the measurements of the dipole potentials have revealed enhanced positive potential in the interior of the phospholipid-ketocholestanol membrane as compared to the phospholipid-cholesterol system, which was interpreted to be due to the orientation of an extra ketone dipole (Voglino et al., 1998) . Thus, the situation qualitatively resembles the appearance of the extra dipoles in the third system, and their contribution to the total potential.
CONCLUSIONS
In this study we have addressed the structural effects induced in a phospholipid bilayer by an enzyme that hydrolyzes phospholipids at a membrane surface, namely PLA 2 , but without including the enzyme molecule itself in the calculations. An approach of this kind is possible when applying MD simulations: if the result of the enzyme action on an individual substrate molecule is known, a system consisting partly or totally of the product molecules can be simulated and compared with a simulation of the intact system of substrate molecules. Here, we wanted to study the structural effects induced by PLA 2 hydrolysis on the membrane and therefore simulated and compared an intact bilayer and PLA 2 -treated bilayers consisting totally of the hydrolysis products. To the best of our knowledge, this is the first time that MD simulations have been applied in this way for assessing the structural changes induced in a membrane by a lipid-hydrolyzing enzyme. This is not to be considered as a full computational approach to the questions related to the product-induced activation of the PLA 2 enzyme, but to serve as a new possibility to address the role of the membrane constituents in the membrane-enzyme interactions, in combination with other computational and experimental approaches.
Much evidence has accumulated to show that the PLA 2 hydrolysis products, i.e., fatty acid and lyso-PC molecules, cause an abrupt increase in the activity of the enzyme. This increase is generally attributed to the changes in the membrane characteristics. To study the structural effects of the hydrolysis products on the membrane at the molecular level, we performed three MD simulations: for an intact PLPC bilayer and for two of its modified counterparts consisting of the PLA 2 hydrolysis products, i.e., lyso-PCs and liberated sn-2 chains either as charged linoleate or uncharged linoleic acid molecules.
The simulation results revealed differences in the general bilayer structure: the PLA 2 -hydrolyzed bilayers had a loosened structure in the direction normal to the bilayer as compared with the intact PLPC system. This was accompanied by increased penetration of the water molecules toward the bilayer center and by increased surface roughness. These effects were especially enhanced in the system with the charged species, but were also clearly noticeable in the bilayer of the uncharged hydrolysis products. The decreased integrity of the bilayers consisting of the hydrolysis prod-ucts implies structural perturbations in the hydrolyzed bilayer area. Loss of integrity would also most likely appear in a partly hydrolyzed membrane. This is in accordance with the observations that, in addition to the presence of the hydrolysis products, varying perturbations may also activate PLA 2 by allowing more mobility of the substrate molecules in the membrane-normal direction and, accordingly, better access to the active site of the enzyme (Apitz-Castro et al., 1982; Jain and de Haas, 1983; Jain and Jahagirdar, 1985; Burack et al., 1993 Burack et al., , 1995 Burack et al., , 1997 Sheffield et al., 1995; Lehtonen and Kinnunen, 1995; Bell et al., 1996; Hønger et al., 1996; Henshaw et al., 1998; Grandbois et al., 1998) . In addition, the surface defects have been suggested to help interdigitation of the enzyme residues to the membrane and facilitate better contact between the membrane and the enzyme (Zhou and Schulten, 1996) . Here, in the bilayer system with the lyso-PCs and the uncharged linoleic acid molecules, the loosened integrity was seen to be accompanied by a slight shift of the linoleic acid molecules toward the bilayer center. This has also been observed experimentally and has been suggested to allow slight separation of the headgroups, which would further enhance the availability of the substrate to the active site of PLA 2 (Henshaw et al., 1998) .
In addition, increases in the orientational order parameters of the chain beginnings were observed in the simulations, because liberation of the sn-2 chains allows the chain beginnings to orient more freely along the bilayer normal. There were also remarkable changes in the headgroup and in the water orientational behavior of the bilayer system with the lyso-PCs, charged linoleate molecules, and Na ϩ ions. In all simulated systems the electrostatic potential was negative in the water region as compared with the membrane interior. Other simulation studies have suggested that this is due to the positive potential from the lipid molecules, which then would be overcompensated by the ordering of the water molecules (Tieleman and Berendsen, 1997; Tobias et al., 1997) . This behavior was also qualitatively reproduced here. As truncation has been reported to enhance the ordering of the water molecules, the potential values obtained from the simulations cannot be considered to be quantitative. However, between the compositionally different bilayer systems studied here, the values of the total potential varied significantly, implying variability in the membrane potential due to the presence of hydrolysis products.
From the methodological point of view, we would like to emphasize that interpretation of the results for the second system should be done keeping in mind that, because of the presence of charged molecular species, the results may be affected by truncation of the electrostatics. Here the effect of enlarging the cutoff distance for electrostatic interactions from 13 to 18 Å was tested for the second system with charged species. The behavior was essentially the same with both cutoffs, suggesting that the treatment of electrostatic interactions was justified for the purposes of this study.
Also, in a recent study of micelle-peptide interactions (Wymore and Wong, 1999) , truncation of the electrostatics was applied to a system with charged species and no artifacts were noted. The radial distribution functions for the charged species in our second simulation are also similar to those reported earlier for the corresponding charged species in MD simulations using the Ewald method (Watanabe et al., 1988) . Moreover, the third simulation without charged species, i.e., with lyso-PC and linoleic acid molecules, can be utilized to distinguish which results are related to the presence of the charged species and might thus be affected by the truncation. The current simulations were performed in a constant-volume ensemble, i.e., it was approximated that release of the sn-2 fatty acid from the phospholipid does not significantly change the surface area per lipid molecule. Surface tension, as calculated frame by frame from the end parts of the simulation, showed essentially similar behavior for all three systems, and thus, at least in this particular case, the approximation of a constant volume is well justified for the purposes of the study. Although presently the constantpressure ensemble is often chosen, the methodological aspects are currently not clear. First, the question remains whether zero or non-zero surface tension should be used in constant pressure simulations Pastor, 1996, 1999; Jähnig, 1996; Roux, 1996; Tieleman and Berendsen, 1996; Berger et al., 1997) . Second, the different methods for constant pressure simulations may lead to surprisingly different areas per lipid, as has been indicated by the recent comparison of two commonly applied methods that resulted in an ϳ10% difference in the areas per lipid (Zubrzycki et al., 2000) .
In general, the information obtainable on the detailed molecular changes in the membrane with the present MD approach could be of importance for studies on other lipidhydrolyzing enzymes, since membrane structure is likely to be crucial in controlling the binding and activity of the enzyme, not only in the case of PLA 2 but also for other similar enzymes (e.g., phospholipase C, Basáñez et al., 1996) . Thus, it will be of future interest to apply MD simulations for assessing the structural effects of the compositional changes in lipid membranes due to the action of various lipases.
